Thermal simulation experiments were conducted, the microstructures were observed by scanning electron microscope (SEM) and transmission electron microscopy (TEM), and the bainite orientation was examined by electron backscattering diffraction (EBSD). The effects of plastic stress on transformation plasticity (TP) strain were investigated. The results show that the TP strain increases nonlinearly with the applied stress. It increases slowly versus the stress in the elastic region, and there is a sharp increase in TP strain if the stress exceeds the parent austenite yield strength because of the combined effect of prior deformation and stress. As the stress continues to increase, the bainite transformation amount decreases, leading to a slower increasing rate of TP strain. In addition, it is confirmed by EBSD that the TP strain is accompanied by the variant selection in microstructures, so that the occurrence of TP is consistent with the Magee mechanism. Moreover, the TP strain is more obvious at lower transformation temperatures due to the increased bainite transformation amount and more organized bainite structure.
Introduction
Internal stresses are always generated in steels during the quenching process, so the phase transformations, such as bainite and martensite transformations, during quenching and austempering are under the effect of stress. Bainite, which has a combination of high strength and good toughness, is an important constituent in advanced high strength steels. Therefore, the effect of stress on bainite transformation has attracted much attention in recent years.
It was claimed that axial stress increases bainite transformation amount and accelerates bainite transformation kinetics [1] [2] [3] [4] [5] [6] . Carbide-free bainite steel, which has excellent strength and toughness combination, is a new generation of advanced high strength steels [6] [7] [8] [9] [10] [11] . Authors' previous studies confirmed the acceleration of stress on bainite transformation in a carbide-free bainite steel and found that the acceleration of stress on bainite transformation varies nonlinearly with the stress [12] [13] [14] [15] . Also, a model was established to describe the bainite transformation kinetics under the effect of stress [16] . In addition, another interesting phenomenon was found, i.e., the samples were plastically deformed during bainite transformation with stress even it is smaller than the yield strength of parent austenite. The plastic deformation formed during transformation is termed as transformation plasticity (TP) strain.
The effect of stress on TP strain has been investigated in some researches. Shipway and his co-workers found that the TP strain increases with the elastic stress (i.e., below the yield strength of parent austenite) [2, 17] . In addition, TP strain is larger when the bainite transformation proceeds in larger parent austenite grains [15] . Recently, in situ characterization of TP strain was conducted by digital image correlation (DIC) [18, 19] . However, above studies only investigated the elastic stresses, whereas the effects of plastic stresses, which are higher than the yield strength of parent austenite, on TP strain were not clarified. For the latter case, plastic deformation occurs before bainite transformation and the subsequent bainite transformation is influenced by two factors, i.e., the applied stress and the prior deformation (noted that this is not TP strain). Therefore, one purpose of this work is to clarify the effects of plastic stress on TP strain in the bainite steel.
In addition, there are mainly two mechanisms to explain the occurrence of TP strain, i.e., Magee mechanism [20] and Greenwood-Johnson mechanism [21] . The Magee mechanism is related to the formation of selected bainite or martensite variants resulting from the applied stress [4, 17, 20] . In addition, for Greenwood-Johnson mechanism, the TP strain is associated with the micro-deformation of the weaker phase because the volume between the parent and the product phases is different [21, 22] . Rees et al. and Uslu et al. [17, 23] believed that Magee mechanism is suitable to explain the occurrence of TP strain in bainite steels, whereas Han et al. and Liu et al. [24, 25] proposed TP strain models based on Greenwood-Johnson mechanism. It is meaningful to investigate the mechanisms for the occurrence of TP strain in the bainite steel.
Different stress levels and transformation temperatures were set in the present work. The effects of plastic stress on the TP strain and microstructure of a carbide-free bainite steel were studied, and the mechanisms for the occurrence of TP strain in the bainite steel were analyzed.
Materials and Methods

Materials
The composition of the tested steel is Fe-0.45C-2.0Si-2.8Mn wt%. The continuous cooling transformation (CCT) curve, the bainite starting (Bs) temperature, and the martensite starting (Ms) temperature of the tested steel are determined by JMatPro software, as is shown in Fig. 1 . It indicates that ferrite and pearlite transformations are absent at the cooling rate larger than 10 °C/s. In addition, the Bs and Ms temperatures of the tested steel are 450 and 225 °C, respectively.
Thermal Simulations
A Gleeble 3800 simulator was used for isothermal bainite transformation experiments. The specimens were cylinders with 15 mm in length and 10 mm in diameter. As shown in Fig. 2 , the samples were austenized at 1000 °C, followed by isothermal bainite transformation at 330, 380, and 430 °C. Different stresses (0-450 MPa) were applied to the specimens during bainite transformation in order to clarify the effects of stress on TP strain at different transformation temperatures. The stresses were quickly applied to the target value within 3 s. Previous studies showed that the austenite yield strength of the experimental steel is between 155 and 175 MPa at 430-330 °C [16] , so that the applied stresses of 250-450 MPa cause plastic deformation before bainite transformation. Radial and axial dilatations of the samples were measured at the same time during the thermal simulations. 
Microstructural Examination
A field emission scanning electron microscopy (FESEM) was used to observe the microstructures of the samples after thermal simulations. In addition, electron backscattering diffraction (EBSD) analysis was carried out on the samples with different stress states to characterize the distribution of crystallographic orientations. Samples for EBSD examination was electropolished using an electrolyte consisted of 10 vol% perchloric acid and 90 vol% glacial acetic acid. In addition, transmission electron microscopy (TEM) was used to observe bainite structure. Thin foils for TEM observation were mechanically ground to about 40 μm thickness and then thinned using a twin jet electro-polisher.
Results and Discussions
Microstructure
The typical microstructures of the samples with and without stresses are shown in Fig. 3 . The microstructure is consisted of bainite ferrite (BF), retained austenite (RA), and martensite (M). TEM microstructure (Fig. 4) confirms the phase constituents. Authors' previous study [26] and other similar microstructure [3, 9] also showed that the microstructure of the studied steel consists of BF, M, and RA. BF is separated by RA, as is shown in Fig. 4c . There is no carbide observed due to the large amount of silicon added in the tested steel [2, 26] . There are many dislocations within the BF which provide high strength for bainite structure [27] . In addition, bainite sheaves distribute at random in the sample without stress (Fig. 3a) . By contrast, alignments of bainite sheaves are observed in the samples with stresses (for example, marked areas in Fig. 3 ). The distribution of bainite sheaves becomes more anisotropic as the stress increases.
The orientation of bainite is further studied by EBSD technique. The orientation imaging maps of different samples are shown in Fig. 5 . The colors represent different crystallographic orientations. The orientation imaging map of the sample without stress is colorful (Fig. 5a) , indicating that there are many kinds of bainite variants. When an elastic stress is applied (Fig. 5b) , the color category decreases, meaning that bainite transformation under elastic stress leads to a nonrandom distribution of bainite variants. When a plastic stress is applied (Fig. 5c) , the bainite sheaves distribute obviously along similar direction and the bainite orientation is much more anisotropic. The inverse pole figures (Fig. 6 ) clearly show that transformation texture with strong peaks develops in the samples with stresses and the maximum intensity increases with the stress. The amount of bainite variants decreases in the sample with elastic and plastic stresses, indicating the occurrence of variant selection.
The applied stress provides additional mechanical driving force for the bainite transformation and thus accelerates the transformation [2, 3] . However, the mechanical driving force distributed on each bainite variant is different. The variants that comply with the stress obtain larger driving force and their growth is favored, whereas others are hindered, so that variant selection develops in the samples with stress. In addition, when a plastic stress is applied, the austenite is plastically deformed before bainite transformation, so that the subsequent transformation is affected by both stress and deformation. It was reported that prior deformation also decreases the number of bainite variants and leads to variant selection [28] . Therefore, under the combined effects of stress and deformation, obvious variant selection develops when a plastic stress is applied, as is shown in Figs. 5 and 6.
TP Strain
The radial strains and axial strains of the samples are shown in Fig. 7a . The radial strain almost coincides with the axial strain in the sample without stress, indicating that the shape change of the sample during bainite transformation is isotropic. However, when the bainite transformation is affected by elastic or plastic stresses, the radial strain becomes separated from the axial strain, demonstrating that plastic deformation, i.e., TP strain, develops during bainite transformation. The samples used in thermal simulation experiments have radial symmetry, so that it may be assumed that the strains in all radial directions are identical and the volume strain (ΔV/V) can be calculated by Eq (1) [2] . The axial strain of the sample includes TP strain in the axial direction and the volume strain in the axial direction. The volume strain is caused by the change of lattice type from γ phase to α phase. Assuming that the volume change is isotropic, the TP strain in the axial direction can be given by Eq (2) [2]: where ε P is the TP strain, ε L is the axial strain, and ε R is the radial strain of the specimen. ΔV is the volume change, V is the original volume, and ΔV/V is the volume strain of the specimen. The results in Fig. 7b show that in the samples without stress, the TP strain is almost zero during the whole bainite transformation, whereas for the stress-affected samples, the TP strain increases along with the bainite transformation. Noted that the TP strain no longer increases when the bainite transformation ceases, so that the magnitude of TP strain is associated with the degree of bainite transformation. It can be found in Figs. 5, 6, and 7 that where there is variant selection in the microstructure, there is TP strain in the sample, i.e., the TP strain is accompanied by the variant selection. Therefore, the occurrence of TP strain in carbidefree bainite steel can be well explained by the Magee mechanism [4, 17, 20] , in which the TP strain is related to the variant selection. Detailed discussions about Magee mechanism are given below. As shown in Fig. 8 , invariant plane strain (IPS) is always used to describe the shape change in the transformed region caused by bainite growth. IPS is consisted of a large shear component (s ≈ 0.26) and a small dilatational strain (δ ≈ 0.03) directed normal to the habit plane [29] . According to the Magee mechanism, the shear strain can be canceled out when the variants orientation is random because for every shear there is somewhere an opposing shear of equal magnitude. In this case, the transformation strain is mainly caused by the dilatational component, which is usually addictive, so the radial strain should be similar to the axial strain, i.e., the dilatation of the sample during transformation is isotropic (Fig. 7) . On the other hand, when the variant selection occurs, the shear component will accumulate and contribute to the transformation strain. Noted that the shear strain is as larger as 0.26, so that the sample is plastically deformed during the transformation, i.e., TP strain forms (Fig. 7) . In summary, the occurrence of TP strain in the carbide-free bainite steel is consistent with the Magee mechanism.
The final TP strains in different samples are given in Fig. 9 (the line with solid square). It shows that the TP strain increases nonlinear with the applied stress. The TP strain increases slowly with the applied stress in the elastic region (region A in Fig. 9 ) because the variant selection is not apparent. As the stress exceeds the austenite yield limit, obvious variant selection develops due to the combined effect of prior deformation and applied stress (Figs. 5 and 6), so there is a sharp increase in the TP strain (region B in Fig. 9 ). As the stress further increases, the increasing rate of TP strain slows down due to the decreased bainite transformation amount. The volume strains of different samples during bainite transformation (representing the bainite transformation amount) are also given in Fig. 9 (the line with open square). When the stress is above 350 MPa, the bainite transformation amount decreases with the increase in stress (detailed discussion about this is given in Ref. [12] ), so the increasing rate of TP strain decreases. In addition, the TP strain as large as 9.1% is measured in the sample with 450 MPa stress, meaning that the sample is obviously deformed due to the transformation. Figure 10a shows the final TP strain of samples transformed at different temperatures. For the samples without stress, the TP strain is almost zero whatever the transformation temperature. When 400 MPa plastic stress is applied, the TP strain appears and it is larger at lower transformation temperatures. One reason is that the bainite transformation amount is larger at lower transformation temperatures. Also, when the transformation temperature is higher, the variant selection is not obvious even plastic stress is applied as is shown in Fig. 11 . This may be because the parent austenite is plastically deformed by 400 MPa stress, but recovery and recrystallization take place in the deformed austenite at higher transformation temperatures, so that the plastic stress has less effect on the variant selection and the TP strain is smaller.
Prior studies mainly focused on the effect of elastic stress on TP strain [4, 17, 24, 25] . However, the effect of plastic stress on TP strain is not clarified. The present work found that the effect of plastic stress on TP strain is obviously different from the elastic stress. Firstly, compared to the sample with elastic stress, the variant selection is much more obvious under the effect of plastic stress due to the combined effect of prior deformation and stress, so the TP strain increases much faster versus plastic stress. In addition, the TP strain has close relationship with the transformation temperature. Moreover, there is a debate whether the occurrence of TP strain is caused by Magee mechanism or Greenwood-Johnson mechanism. The present work confirms that the occurrence of TP strain in the carbide-free bainite steel is consistent with the Magee mechanism.
In addition, it was stated by Matsuzaki et al. [30] that the TP strain about 14% is possible if all transformation is to the most favored variant, although the maximum TP strain in their study is only ~ 5.5%. The measured TP strain in study by Shipway et al. was less than 2% [2] . In the present study, TP strain as large as 9.1% was obtained, which is close to the prediction by Matsuzaki et al. The further work will confirm whether 14% TP strain is available.
Conclusions
Bainite transformation experiments with and without stress were conducted; SEM, TEM, and EBSD techniques were used to investigate the effect of plastic stress on TP strain. The main conclusions are given as follows:
1. The TP strain increases nonlinearly with the applied stress. It increases slowly versus the stress in the elastic region. When the stress exceeds the austenite yield limit, there is a sharp increase in the TP strain due to the combined effect of prior deformation and stress. With further increment in stress, the bainite transformation amount decreases, so the increasing rate of TP strain slows down. 2. EBSD results show that variant selection develops in the sample with stress. The occurrence of TP strain is consistent with the Magee mechanism. 3. The TP strain is more obvious at lower transformation temperatures due to the increased bainite transformation amount and more organized bainite structure.
